With ramp rate regulations for photovoltaic plants being discussed in many countries, the speed of clouds has gained signicant importance lately. Besides, measuring cloud velocities and directions is of interest for validations of numerical weather predictions and solar nowcasting systems. Recently, the Cloud Shadow Speed Sensor (CSS) was developed and validated in San Diego for low cumulus clouds. In this publication, the CSS is studied under dierent weather and cloud conditions in the desert of Tabernas in southern Spain. Furthermore, a novel shadow camera based low-cost, low-maintenance approach to determine cloud shadow motion vectors is presented and used as a reference to benchmark the CSS. In comparison, the absolute velocities derived from the CSS and the shadow camera on 59 days for ±5 min temporal medians show deviations of * Corresponding author The CSS was found to be a robust tool with great potential. However, optically thin clouds with diuse edges pose a challenge and the detection rate leaves room for improvements. The newly developed shadow camera system provides more measurements which scatter less but needs certain geographical requirements. The shadow camera is found to be a feasible validation tool for cloud (shadow) motion vectors.
Introduction 1
Obtaining reference motion vectors of clouds is relevant for the optimization 2 and validation of all-sky imager based nowcasting systems (Kuhn et al., 2017a) 3 as well as numerical weather predictions (NWP) and satellite-based weather 4 forecasts (Molteni et al. (1996) , Klein and Jakob (1999) , Tomassini et al. (1999) ). 5 In addition to that, the rapid growth of solar power generation with its inherent 6 variability calls for solar forecasting tools, which can predict shading events. 7 Recently, ramp rate regulations (Lave et al. (2013) , Marcos et al. (2014) 14 The CSS, pictured in Fig. 1 , was developed and presented in Fung et al. 15 (2013). Previous validations, both under laboratory conditions and in-eld, 16 have been conducted (Fung et al., 2013) . However, the variability of clouds 17 and the complexity of the weather vary for dierent locations. For instance, in 18 San Diego (USA), where the CSS was previously validated, cloud heights rarely 19 exceed 1000 m (Wang et al., 2016). 20 In this publication, the CSS is compared to a novel shadow camera reference 21 system on 59 days at the Plataforma Solar de Almería (PSA) in southern Spain. 22 In southern Spain, a wide range of cloud speeds, heights and clouds of various 23 classes is observed (Killius et al. (2015) , Kuhn et al. (2017a) ). Investigating is determined on 223 days by directly investigating the measurements of the 28 CSS sensors.
29
The shadow camera is a downward-facing camera placed on top of an 87 m 30 high tower (CIEMAT CESA-I), which is part of a shadow camera system pro-31 viding spatially resolved irradiance maps (Kuhn et al. (2017a) , Kuhn et al. 32 (2017b), Kuhn et al. (2017c) , Kuhn et al. (2018a) ). The shadow camera is used 33 to measure reference cloud speeds, which are compared to the CSS.
34
This publication is structured as follows. After the introduction, the CSS is 35 presented and its software optimization discussed in section 2. In section 3, the 36 shadow camera method is explained in detail. Comparing these two systems 37 in section 4 enables an in-eld validation of the CSS. Also, the detection rate The working principle of the CSS, developed by Fung et al. (2013) , is based 46 on methods for determining cloud motion vectors with an array of irradiance 47 sensors , , Schenk et al. (2015) 105°with a radius of 29.7 cm around the ninth sensor (see Fig. 1 ). In order to 51 measure the speed and direction of a cloud shadow, the CSS must be directly 52 shaded. If the shadow of a cloud passes the CSS, the sensors detect ramps at 53 slightly dierent times. This way, both the speed and the direction of the clouds 54 is determined. Due to the high frequency, the distances of the sensors can be 55 small, which enabled a very compact design. Overall material costs are specied 56 to be approximately 400 US-$ (Wang et al., 2016) .
57
The CSS does not need regular cleaning as the working principle is based on 58 relative deviations, not absolute irradiance measurements. As experienced over 59 more than two years of active service, this user-friendly maintenance routine was 60 found to hold even in the harsh conditions of the desert of Tabernas (Almería, 61 Spain). Although not cleaned, the CSS data are checked daily, e.g. to detect 62 constantly shaded sensors due to bird excrements. Luckily, such an event did 63 not occur yet. Based on this dierential approach, the CSS is able to determine 64 the motion vectors of cloud shadows, not directly the motion vectors of the 65 clouds. However, these vectors deviate only insignicantly (Fung et al., 2013 The residuum of the cosine t Γ acts as a lter (equ. 1). highly sensitive towards outliers and thus rejects many measurements.
106
In order to reduce the inuence of outliers towards the cosine t, several 107 regression models such as the least square method (LSQ, Wang et al. (2016) ), the 108 least absolute deviation method (LAD, Bloomeld and Steiger (2012) ), the least 109 trimmed squares method (LTS, Giloni and Padberg (2002) , Mount et al. (2014)) 110 and the least median of squares method (LMS, Rousseeuw (1984) ) were studied.
111
All methods are discussed in detail in the literature (Rousseeuw and Croux 112 (1993) LSQ and the LTS method will be compared to shadow camera measurements.
121
In section 4.4, the determination of the detection rate is presented.
122
Lowering the thresholds of the LSQ method can also be used to obtain more 123 measurements. However, these additional measurements are far less accurate if (Fig. 4a ). Using 131 both the determined interior (using methods described in Scaramuzza et al. 132 (2006) ) and external (via GPS reference points) orientation, an orthoimage is 133 calculated (Fig. 4b) . In this orthoimage, the dimensions of all pixels are known 
140
The approach to derive cloud (shadow) motion vectors is visualized in Fig. 5 absolute deviations (MAD) and the bias are calculated (equ. 7-9). The speed distributions as measured by the CSS and the shadow camera is 214 depicted in Fig. 7 . In the top left, the overall number of occurrence is shown.
215
The shadow camera obtains far more measurements than the CSS, for which ± 2 min medians (LSQ ±2 min ) and ± 5 min temporal medians (LSQ ±5 min ).
318
The deviations are visualized in a scatter density plot in Fig. 12 . The de-319 viations stem mostly from optically thin clouds and clouds at large altitudes 320 (see Kuhn et al. (2018b) the behavior seen in Tab. 5 as well as the scatter seen in Fig. 13 . 
Investigating the detection rate of the CSS 342
In section 2.2, a method to increase the detection rate of the CSS is discussed. at the CSS raw data is described in the following. and can in total be below 1 s, which is faster than the calculations of the CSS.
465
With higher temporal resolutions, the area needed to derive (fast) cloud shadow 466 speeds shrinks. However, as many cloud motion vectors should be measured, the 467 imaged area should not be below a certain minimum. This minimum depends 468 on local characteristics and restrictions as well as the intended application.
469
The CSS however is a fairly compact device, which can be installed at every 470 position which is not shaded by objects. A disadvantage is the detection rate 471 and detection accuracy regarding optically thin clouds. As these clouds are less 472 relevant for e.g. photovoltaic nowcasting applications, this might be acceptable.
473
In direct comparison, the shadow camera obtains more measurements, which 474 scatter less. Also, optically thin clouds can be measured more accurately than 475 with the CSS. Furthermore, the shadow-camera-based approach takes the av- shows higher deviations. In addition to that, the detection rate of the CSS is 493 determined to be between 3.7 % and 21.6 % depending on the shading class on 494 223 days.
495
The eects of the linear cloud edge -curve tting method are studied and 496 potential solutions discussed. The eects were found to be of minor importance.
497
Potential corrections approaches were found to increase deviations. Thus, we 498 suggest not applying them.
499
As the CSS and the reference shadow camera can be used for the same 500 purposes, the specic advantages and disadvantages are discussed. same 59 days in another publication (Kuhn et al., 2018b The research presented in this publication has received funding from the Eu- 
